1. The activities of tri-, di-and mono-glyceride lipase and carnitine palmitoyttransferase were measured in homogenates of a variety of muscles. These activities were used to estimate the rate of utilization of glycerides and fatty acids by muscle. In muscles whose estimated rates offat utilization can be compared with rates calculated for the intact muscle from such information as 02 uptake, there is reasonable agreement between the estimated and calculated rates. 2. In all muscles investigated the maximum rates of hydrolysis of glycerides increase in the order triglyceride, diglyceride, monoglyceride. The activity of diglyceride lipase is highest in the flight muscles of insects such as the locust, waterbug and some moths and is lowest in the flight muscles offlies, bees and the wasp. These results are consistent with the utilization of diglyceride as a fuel for some insect flight muscles. 3. In many muscles from both vertebrates and invertebrates the activity of glycerol kinase is similar to that of lipase. It is concluded that in these muscles the metabolic role of glycerol kinase is the removal of glycerol produced during lipolysis. However, in some insect flight muscles the activity of glycerol kinase is much greater than that of lipase, which suggests a different role for glycerol kinase in these muscles.
5°C against the extraction medium to decrease the concentration of endogenous ATP. For the assay of carnitine palmitoyltransferase and glycerol kinase activities, homogenates were prepared in 10-50vol. of a medium consisting of 50mM-triethanolamine, lmM-EDTA, 2mM-MgC12 and 30mM-2-mercaptoethanol at a final pH of 7.5. Preliminary experiments with homogenates of several insect flight muscles established that sonication of the homogenates did not increase the activity of any of the enzymes investigated. Unless otherwise stated all homogenates were prepared in ground-glass homogenizers at 0°C and were assayed for enzyme activity within 15 min of preparation.
Enzyme assays
Triglyceride lipase activity was assayed by a method based on that described by Chino & Gilbert (1965) . Emulsions were prepared by sonicating a mixture of 20mg of triolein/ml of 5 % (w/v) polyvinyl alcohol solution (with an MSE 100W sonicator at maximum power) until no lipid droplets were visible to the naked eye. The emulsions were stable for up to 5 h at room temperature (approx. 20°C). Samples (100ul) of emulsion were added to glass tubes and the lipase reaction was initiated by the addition of lOO1I of homogenate. The tubes were stoppered with cottonwool plugs and were incubated, with shaking, at 25°C for periods of 10-90min. The reactions were terminated by plunging each tube into a boilingwater bath, up to the level ofthe cotton-wool plug, for approx. IOs. Immediately after, the tubes were rapidly cooled by plunging into ice. Preliminary experiments established that this procedure completely inactivated the lipase and that there was no detectable alteration of the incubation volume. The heatterminated extracts were filtered by drawing them into Pasteur pipettes through small plugs of cotton-wool placed in the stems of the pipettes. The plugs were removed with forceps, the stems were cleaned with cotton-wool and the extracts were subsequently ejected. Samples (50,ul) of each extract were assayed for glycerol by the radiochemical method described by Newsholme & Taylor (1968) , except that the concentration of [14C]glycerol was 34/tM. In some cases the incubation tubes were plunged into boiling water immediately after the addition ofextract. These served as controls and they were used to provide the CO incubation tube for the assay of glycerol (see Newsholme & Taylor, 1968) . By this method the presence of any activators and/or inhibitors of the commercial glycerol kinase in the assay for glycerol was taken into account.
Diglyceride lipase and monoglyceride lipase activities were each assayed in the same way as triglyceride lipase, except that the emulsions were prepared with 20mg of diolein or monolein/ml in place of the triolein. The emulsions of diglyceride were stable for several hours at room temperature, whereas emulsions of monoglyceride were stable for only approx. 60min. Since monolein is a solid at room temperature it was necessary to dissolve it in a small volume (approx. 0.1 ml) of chloroform to prepare the emulsion; the chloroform was subsequently removed by passing a stream of N2 through the emulsion.
Preliminary experiments established that the amount of emulsion in the lipase assay was sufficient to saturate the enzymes (50% saturation occurred with approx. 10,l of emulsion/0.2ml of incubation mixture). The production of glycerol from glyceride occurred only in the presence of homogenate and the amount of glycerol produced was directly proportional to both the time of incubation and the amount of homogenate added, within the ranges employed in the present investigations. Preliminary experiments also established that no glycerol was introduced or removed at the filtration stage. It was not possible to test directly whether the polyvinyl alcohol modified the lipase activity, since the glycerides did not form emulsions in the absence of the emulsifying agent. However, variations in the concentration of the alcohol from 0.5-5 % (w/v) did not affect lipase activity, which suggests that the alcohol had no effect on the enzyme activity. The activity of triglyceride lipase in rat heart muscle (Table 2) is similar to that reported by Bj6rntorp & Furman (1962) , with a different assay method, and is also similar to the rate of release of glycerol by the isolated heart (Garland & Randle, 1964) ; the activities of the lipases in the flight muscles of moths (Table 2 ) are similar to those reported by Stevenson (1969) . The activity of lipase, measured by the above-described technique, was similar to that measured by the production of 14C-labelled fatty acids from an emulsion prepared with 14C-labelled glyceride (B. Crabtree & E. A. Newsholme, unpublished work) . These results suggest that the method provides a reasonable assessment of the maximum catalytic activity of lipase.
Carnitine palmitoyltransferase activity was assayed by a method based on that described by Beenakkers et al. (1967) . In this assay palmitoylcarnitine reacts with CoA to produce palmitoyl-CoA, which in turn reacts with hydroxylamine to produce a hydroxamate. The amount ofhydroxamate present is measured with FeCl3 reagent (Lipmann & Tuttle, 1950) . The assay medium contained 750mM-hydroxylamine, 4mM-CoA and 4mM-palmitoyl-L-carnitine at a final pH of 7.0. Samples (100,ul) of homogenate were added to 0.2ml of assay medium to initiate the reaction and were incubated, with shaking, at 250C for periods of 10-60min. Controls, from which palmitoylcarnitine was omitted, were also included. After a suitable period ofincubation the reactions were terminated by 1972 698 ENZYMES OF LIPID METABOLISM the addition of 1.5ml of 95% (v/v) ethanol to each incubation mixture. A volume (0.75 ml) of a solution consisting of 28% (w/v) hydroxylamine, 4M-HCI, 3.5M-NaOH (equal parts by vol.), followed within 5min by 0.25ml of 24% (w/v) trichloroacetic acid and 0.25ml of 10% (w/v) FeCl3, was then added to each incubation mixture. After centrifugation at 3400g for 10min the supernatants were clarified completely by drawing them into Pasteur pipettes through plugs of cotton-wool placed in the stem. This treatment was found to have no effect on the colour produced by the hydroxamate. The extinction of each solution was measured at 520nm in a Unicam SP. 600 spectrophotometer. The molar extinction coefficient of the palmitoylhydroxamate complex was assumed to be 1 x 103 litre moli-cm-1 (Komberg & Pricer, 1953) . Preliminary experiments established that the colour was stable for up to 60min after development (fading occurred rapidly after 60min), that there was no direct reaction of palmitoylcarnitine and hydroxylamine under the assay conditions, and that the intensity of the colour was directly proportional to both the time of incubation and the amount of homogenate within the range used in these investigations. Relatively little work appears to have been done on the distribution of this enzyme in muscle, with assay methods other than the one described above; theassumption thattheactivities of this enzyme (Table 2) are maximal must therefore be regarded as tentative at the present time.
Glycerol kinase activity was assayed by the method described by Newsholme et al. (1967) and Newsholme & Taylor (1969) .
All enzyme activities are expressed as ,tmol of product formed/min per g of fresh muscle at 25°C. In the case oflipase this product is glycerol, unless otherwise stated. The reported activities represent the mean of three or more determinations (with three animals or three separate pools of muscle from a larger number of animals). The variation between individual determinations of any enzyme in any given type of muscle was within 30 % of the mean for all enzymes except triglyceride lipase; the variation for this enzyme was within 50 % of the mean. Since, in the present work, no account has been taken of such factors as sex, season, age or diet on the enzyme activities, and since precise quantitative interpretations are not made from these activities, a conventional statistical presentation of the results was considered undesirable and unnecessary. Any use of the reported activities for precise quantitative analysis must be made with caution.
It is assumed that the assay conditions are optimal for the enzymes in all the muscles investigated. However, this point was established experimentally only with homogenates of locust, waterbug, fleshfly and hawk-moth flight muscles, and rat heart and pigeon pectoral muscle. Vol. 130
Results and Discussion Someproperties oftriglyceride lipasefrom muscle
The pH optimum of both rat heart and locust flight muscle triglyceride lipase activity is approx. 7.5 (in phosphate or triethanolamine buffers). Inhibition of these enzymes by long-chain fatty acids was demonstrated and it was reversed by albumin. These properties are similar to those of the enzyme from other sources (see Bjomtorp & Furman, 1962; Biale et al., 1968) . The activity of the triglyceride lipase in extracts of either rat heart or locust flight muscle was unaffected by NaCl (0.8M), which suggests that the activity is not due to clearing-factor (lipoprotein) lipase (see Robinson, 1965) . Activities of triglyceride lipase in extracts of rat heart and flight muscles of the locust, waterbug and fleshfly were unaffected by 0.1-1 mM-3': S'-cyclic AMP (in the presence of 5mM-ATP, 10mM-Mg2+ and 2mM-caffeine). This suggests either that the activities of the lipase in these muscles are not stimulated by the nucleotide or that the enzymes are present in the extracts in the activated form (see Corbin et al., 1970) .
Activities of lipase and carnitine palmitoyltransferase in relation to the rate oflipid utilization by muscle
In a previous paper an approach was outlined for obtaining reasonable quantitative assessments of the rate of utilization of fuels for muscle activity (Crabtree & Newsholme, 1972 ). This approach is based on the assumption that the maximum catalytic activity of an enzyme which catalyses a reaction far displaced from equilibrium in a metabolic pathway may be similar to the maximum rate of operation of that pathway in the cell. In the present investigations it has been assumed that the lipases and carnitine palmitoyltransferase catalyse reactions far displaced from equilibrium in the pathways for glyceride hydrolysis and fatty acid oxidation, respectively. This assumption is based on reports that these enzymes possess low maximum catalytic activities in relation to other enzymes of the pathways, and therefore catalyse reactions which are far displaced from equilibrium in the cell (see Krebs, 1963; Shepherd et al., 1966; Beenakkers et al., 1967; Biale et al., 1968; Beenakkers, 1969) . The designation of carnitine palmitoyltransferase as far displaced from equilibrium is speculative at the present time; however, support for the assumption that the activities of these enzymes indicate maximum rates of the pathways is provided from the information given in Table 1 ENZYMES OF LIPID METABOLISM moth and butterfly (Table 1) . This result is consistent with the use of diglyceride as a fuel for the flight muscles of these insects, demonstrated by more direct methods (Gilbert, 1967; Tietz, 1967; Mayer & Candy, 1969) . The activities of carnitine palmitoyltransferase and the calculated rates of fatty acid oxidation are in reasonable agreement for rat heart, pigeon pectoral and red muscle of the trout (Table  1) . However, it must be pointed out that although measurements of carnitine palmitoyltransferase activities may provide an indication of the maximum rate of fatty acid oxidation in some muscles, they do not distinguish between the use of exogenous fatty acid or endogenous triglyceride. Similarly, in insects, the activities of diglyceride lipase will not distinguish between the use of exogenous diglyceride or endogenous triglyceride.
Lipase activities in muscle In agreement with previous work (Biale et al., 1968; Stevenson, 1969 ) the activities of diglyceride lipase and monoglyceride lipase are usually five-to-ten-fold those of the triglyceride lipase in the same muscle (Table 2) . These results support the conclusions of Denton & Randle (1967) that the removal of the first fatty acid from triglyceride is rate-limiting for lipolysis in muscle. In the moths the activity of monoglyceride lipase is approximately tenfold that of the diglyceride lipase, which is in agreement with the observations of Stevenson (1969) . In some insect flight muscles the activity of diglyceride lipase may indicate the capacity for utilization of exogenous diglycerides (see the comparison of enzyme activities with calculated rates of fatty acid oxidation in Table 1 ). The highest activities of diglyceride lipase are found in the flight muscles of the locust, dragonfly, waterbug, butterflies and some moths (Table 2) . This indicates that diglyceride is able to provide energy for a period of flight in these insects. The lowest activities of diglyceride lipase are found in the flight muscles of flies, bees and the cockroach (Table  2) . From these activities and from published metabolic rates (see Crabtree & Newsholme, 1972) , it can be calculated that the utilization of diglyceride in the latter insects could account for, at most, 7 % of the metabolic rate during flight. These conclusions are in agreement with those of other investigators, who used different techniques, such as respiratory-quotient determinations and determinations oflipid content of insects (see Sacktor, 1965; Weis-Fogh, 1967) . Triglyceride lipase activity was detected in all muscles investigated except those of the sea mussel and the dogfish (Table 2) . Thus triglyceride may provide a reserve of fuel in most muscles, including those in which it does not serve as a major source of fuel for mechanical activity (e.g. vertebrate white muscle and the flight muscles of some insects). In such muscles Vol. 130 it is possible that triglyceride serves as a fuel for the muscle under some conditions during rest (see Wigglesworth, 1949) . The absence of triglyceride lipase activity from dogfish red muscle is surprising since this muscle is known to use lipid as a fuel during swimming (Bone, 1966) . In vertebrate muscles the activity of triglyceride lipase is greater in the red than in the white muscles of any given species (Table 2) . This result is consistent with a greater oxidative capacity of the red muscles and reflects their physiological role, namely the provision of continuous mechanical activity for relatively long periods of time (see Lawrie, 1953; Bilinski, 1963; Bone, 1966; George & Berger, 1966; Crabtree & Newsholme, 1972) .
Carnitine palmitoyltransferase activities in muscle
In many muscles the activities of carnitine palmitoyltransferase and the lipases are similar, when expressed in units of fatty acid utilization or production (see Table 2 ). This suggests that these muscles could utilize exogenous fatty acids (if these are available) at approximately the same rate as endogenous triglyceride. However, in some muscles (e.g. the pectoral muscle of the pigeon, rat muscles) the activity of carnitine palmitoyltransferase is much greater than the activity of triglyceride lipase ( Table  2 ), so that exogenous fatty acids may provide a greater proportion of the energy required for mechanical activity. If it is assumed that one-half the activity of carnitine palmitoyltransferase (see legend to Table 1 ) is an indication of the maximum capacity for the oxidation of fatty acids in any given muscle, this activity should be at least as great as the activity of the tri-or di-glyceride lipase (depending on whether the muscle uses endogenous triglyceride or exogenous diglyceride). In some insect flight muscles the activities ofcarnitine palmitoyltransferase are slightly lower than those of diglyceride lipase (exceptions include flight muscles of the locust and waterbug); however, in view of the cautionary notes given before, the differences may not be significant. A camitine-independent pathway of fatty acid oxidation has been demonstrated in the flight muscles of a moth, Prodenia (Stevenson, 1968) , and thus camitine palmitoyltransferase might not be obligatory for fatty acid oxidation in some insect flight muscles.
Glycerol kinase activities in muscle
The activities of glycerol kinase (EC 2.7.1.30) in various muscles were reported by Newsholme & Taylor (1969) . Some of the results obtained by these workers are given in Table 2 for comparison with the activities of the lipases. In some vertebrate muscles (e.g. avian pectoral muscles) and in many insect flight muscles (e.g. locust, dragonfly, waterbug, butterflies and moths) the activities of glycerol kinase are similar 701 B. CRABTREE AND E. A. NEWSHOLME CRABTREE AND E. A. NEWSHOLME Table 3 . Some properties ofglycerol kinase from locust and bumble-bee flight muscle Experimental details were as described by Newsholme & Taylor (1969 Newsholme & Taylor (1969). to the activities of the triglyceride lipase and diglyceride lipase, respectively. This suggests that the metabolic role of glycerol kinase in these muscles is the removal of glycerol produced by the hydrolysis of endogenous triglyceride or exogenous diglyceride. However, in other vertebrate muscles (e.g. rat heart) the activity of glycerol kinase is much lower than that of triglyceride lipase. This would explain the release of glycerol into the perfusion medium of an isolated rat heart preparation (Garland & Randle, 1964) . Newsholme & Taylor (1969) reported that the activities of glycerol kinase in the flight muscles of some insects (e.g. some flies, wasps and bees) are very high. The present investigations demonstrate that these high activities are unrelated to the hydrolysis of either tri-or di-or even mono-glycerides by the muscle. Consequently, the metabolic role of glycerol kinase in, for example, the flight muscles of the bumble-bee appears to be different from its role in the flight muscles of the locust. Nonetheless, despite this difference, the properties and distribution of the enzyme from bumble-bee flight muscle are similar to those of the enzyme from locust flight muscle (Table  3) .
